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Daphnia magna is known to switch between sexual and asexual reproduction depending on the environment. It reproduces asexually when in an
optimal environment for food, photoperiod, and population density. Once the environment declines, it changes reproductive strategy from asexual to
sexual reproduction. However, the molecular bases of environmental sex determination are largely unknown. To understand the molecular
mechanisms of environmental sex determination in Daphnia, it is essential to isolate the genes related to sex determination. As DM-domain genes are
well known as sex-related genes, we aimed to identify DM-domain genes from Daphnia. Based on degenerate PCR of conserved DM domains using
Daphnia cDNA, we identified three DM-domain genes that corresponded to DMRT11E, DMRT93B, and DMRT99B of Drosophila melanogaster.
Quantitative gene expression analysis in gonads revealed that DMRT93B was expressed only in the testis. This finding contributes to an improved
understanding of the switching mechanism from an asexual to a sexual life cycle depending on the environment.
© 2007 Elsevier Inc. All rights reserved.Keywords: Daphnia magna; Sex differentiation; Testis; Ovary; Specific expressionSexual reproduction is a common feature of many species. It is
beneficial in terms of genetic recombination, which contributes to
the maintenance of species, but it is also costly [1]. On the other
hand, asexual reproduction has the advantage in reproductive
efficiency. Daphnia magna is known to switch between sexual
and asexual reproduction depending on the environment.
Generally, D. magna reproduce asexually when they have suffi-
cient food and photoperiod along with proper population density.
Once the environment declines as the result of a shortening of the
photoperiod, a lack of food, and/or an increase in population
density, D. magna changes reproductive strategy and begins to
produce males, which allows sexual reproduction. The egg gene-
rated bymating is called the resting egg and can survive for a long
period even in the absence of water. This form of environmental☆ Sequence data from this article have been deposited with the DDBJ Data
Library under Accession No. XXXXXX.
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doi:10.1016/j.ygeno.2007.09.002sex determination is well known and it is considered to be a robust
system for maintaining the species [2]. However, the molecular
bases of environmental sex determination are largely unknown.
The molecular mechanism of sex determination has been
well studied in model animals such as the mouse, fruit fly, and
nematode. Mab-3 was originally identified as a gene required
for the male-specific lineage in Caenorhabditis elegans [3] and
the dsx gene was identified as a gene affecting sex deter-
mination in Drosophila melanogaster [4]. Both genes regulate
the transcription of yolk protein [5] and are required for male-
specific cell lineage [6]. Both genes encode a conserved domain
named the DM domain, which is composed of a Zn-finger
motif, and they are considered to be DNA-binding proteins [6].
DM-domain genes are highly conserved in many species,
including vertebrates [6]. In the mouse, a DM-domain gene has
been shown to be responsible for testis differentiation [7].
Hemizygosity of the locus of the DM-domain gene causes a
deficiency in testicular development. A DM-domain gene has
also been identified as a sex-determining gene in medaka fish
95Y. Kato et al. / Genomics 91 (2008) 94–101[8]. These findings suggest that the DM-domain genes play an
important role in sex determination in a variety of species.
To understand the molecular mechanisms of environmental sex
determination in Daphnia, it is important to identify the sex-
specific genes and understand their regulation function. As DM-
domain genes are sex-specific gene candidates, the identification
of DM-domain genes in Daphnia and examination of sex-
dimorphic gene expression could provide a clue to help with the
elucidation of environmental sex determination. In this study, weFig. 1. (Top) Phylogenetic tree connecting the DM-domain genes. (Bottom) Schematic d
the short conserved motif [10] are indicated by black, gray, and hatched boxes, respectexamined whether DM-domain genes exist in Daphnia and, if so,
whether they exhibit a sexually dimorphic gene expression pattern.
Results and discussion
Molecular cloning of DM-domain genes from D. magna
Based on the conserved amino acid sequence of the DM
domain, we designed degenerate primers for the amplificationiagrams of the DM-domain genes ofD.magna.DMdomain,DMAdomain [9], and
ively.
Fig. 2. Alignment of amino acid sequences of (A) theDMdomain and (B) theDMAdomain and short conservedmotif ofD.magna (Dmag),Drosophila (Dmel), and human
(Hsap). The numbers of the amino acid residues at the beginning and the end of the domains are indicated. Identical amino acids are indicated by black. Similar amino acids
are indicated by gray.
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Cloning and sequencing of the amplified DNA fragments
identified three types of DM domain distinct in amino acid
sequence. BLAST analysis was performed using these three
amino acid sequences and revealed that three DM-domain genes
corresponded to DMRT11E, DMRT93B, and DMRT99B of
Dr. melanogaster (Fig. 1). Thus, we designated these DMRTFig. 3. Nucleotide sequence of the cDNA for D. magnaDMRT11E, with the correspo
Hatched amino acids indicate the short conserved motif. The polyadenylation signagenes as DMRT11E, DMRT93B, and DMRT99B, based on the
nomenclature used in insects.
These genes are the first DM-domain genes identified in
crustaceans and it was shown that the DM domains of Daphnia
DMRT genes are well conserved, as in other species, as shown
in Fig. 2. All of the amino acid residues conserved between
human and Drosophila were also conserved in Daphnia. Innding amino acid translation. Dark-shaded amino acids indicate the DM domain.
l is boxed.
97Y. Kato et al. / Genomics 91 (2008) 94–101particular, the cysteine residues that are supposed to be essential
for the DNA-binding properties are conserved, suggesting that
the DNA-binding properties are also conserved in Daphnia.
Based on the nucleotide sequences of the three DM-
domain genes, oligonucleotides were synthesized to obtain
full-length cDNAs of each gene by rapid amplification of
cDNA ends (RACE). DMRT11E, 93B, and 99B encoded 306,
440, and 603 amino acids, respectively. The full-length cDNA
sequence of each DMRT gene is indicated in the figures (Figs.
3–5). In addition to the DM domains found in all of the
DMRT genes, DMRT93B and 99B have a DMA domain
(Pfam Accession No. PF03474, Fig. 2B) that has been
reported to be a conserved motif outside the DM domain [9].
It was also found that DMRT11E and 93B have the short
conserved amino acid motif [10], which is also found in
human DMRT 3, 4, and 5 (Fig. 2B).
To confirm the expression of full-length mRNA predicted by
RACE, we synthesized an oligonucleotide corresponding to the
5′ and 3′ ends of each mRNA and confirmed the expression by
PCR using cDNA. During the analysis of the full-length DMRT
genes, it was found that DMRT99B has a variant lacking the N-Fig. 4. Nucleotide sequence of the cDNA for D. magna DMRT93B, with the corresp
domain and DMA domain, respectively. Hatched amino acids indicate the short conterminal region of the protein including the DM domain,
whereas it has identical 5′ and 3′ untranslated sequences.
Because the DM domain has DNA-binding activity, this variant
has no DNA-binding activity, but as it does have dimerization
activity that locates in the C-terminal amphipathic helices, it is
considered to function as a dominant negative molecule.
Deletion of the DM domain is also reported in DMRT8 in the
mouse testis [11] and in AmDM1 in coral [10], although their
functions remain to be elucidated. This variant encodes a 429-
amino-acid sequence. It is possible that this variant functions as a
dominant negative regulator and a detailed analysis of the
expression of the variant will be required.
DM-domain gene expression in gonads
As some DM-domain genes are known to be related to sex
differentiation, we examined whether these DM-domain genes
display sexually dimorphic expression. Thus we examined the
expression levels of DM-domain genes in the gonads by quan-
titative PCR. As a result, we found that the mRNA expression of
DMRT11E and DMRT99B is much higher in the ovary than theonding amino acid translation. Dark- and light-shaded amino acids indicate DM
served motif. The polyadenylation signal is boxed.
98 Y. Kato et al. / Genomics 91 (2008) 94–101testis (three- and fivefold on average, respectively). When we
examined the gene expression of DMRT93B, we detected
expression only in the testis, not in the ovary. In the case ofFig. 5. Nucleotide sequence of the cDNA forD. magnaDMRT99B, with the correspo
in italic. Dark- and light-shaded amino acids indicate DM domain and DMA doma
indicated by a circle.vertebrates, DMRT1 is known to be essential for testicular
differentiation [7]. Although DMRT93B is not an ortholog of
DMRT1, this gene may contribute to the differentiation or main-nding amino acid translation. The DNA sequence deleted in a variant is indicated
in, respectively. The first methionine of the truncated variant of DMRT99B is
Table 1
Primer sequences for quantitative real-time PCR
Gene Forward (5′ → 3′) Reverse (5′ → 3′)
DMRT11E AAGATATCCTTTTCGGTCGAGTC GATTTCACGTGCTGGATAGAGAG
DMRT93B TAATCCCAATAACAGCAACGTG CTGCCGATGTTAGTCTTGAACA
DMRT99B CATCAAACAGGAGAACGAGTTG ATTGCTCTGATTTTCAGACGTG
L8 GGTACTATTGTTTGCAATGTTGAGG GTCTTCTTGGTATCGGTATTGTGAC
99Y. Kato et al. / Genomics 91 (2008) 94–101tenance of the testis. This finding indicates that theDaphniaDM-
domain genes display sexually dimorphic gene expression and
suggests that these genesmay have some functional activity in sex
determination or maintenance. DM-domain genes are known to
regulate vitellogenin gene expression [12,5], so the higher ex-
pression ofDMRT11E andDMRT99B in the ovarymay suggest a
function for these genes in relation to vitellogenin formation in the
ovary.
Conclusion
In this study, we have identified three DMRT genes from
Daphnia and showed their dimorphic gene expression. These
results suggest that DMRT genes are responsible for sex deter-
mination and/or the maintenance of sex type even in an envi-
ronmental sex-determination system. Detailed gene expression
analysis of these DMRT genes may contribute to an improvedTable 2
Accession numbers of the sequences for phylogenetic analysis
Organism Gene name in phylogenetic tree (
Human (Homo sapiens) DMRT1 (doublesex and mab-3-re
DMRT2 (doublesex and mab-3-re
DMRT3 (doublesex and mab-3-re
DMRT4 (DMRT-like family A1)
DMRT5 (predicted: similar to dou
African clawed frog (Xenopus laevis) DMRT1 (doublesex- and mab-3-re
DMRT4 (DMRT4)
DMRT5 (doublesex and mab-3-re
Japanese medaka (Oryzias latipes) DMY (DMY protein)
DMRT2 (DMRT2)
DMRT4 (OlaDMRT4)
DMRT5 (doublesex and mab-3-re
Pufferfish (Takifugu rubripes) DMRT1 (doublesex and mab-3-re
DMRT2 (doublesex and mab-3-re
DMRT3 (doublesex and mab-3-re
DMRT4 (doublesex and mab-3-re
DMRT5 (doublesex and mab-3-re
Zebrafish (Danio rerio) DMRT3 (doublesex and mab-3-re
Honeybee (Apis mellifera) DMRT93B (predicted: similar to C
Beetle (Tribolium castaneum) DMRT93B (predicted: similar to C
DMRT99B (predicted: similar to C
African malaria mosquito (Anopheles gambiae) DMRT93B (ENSANGP00000016
DMRT99B (ENSANGP00000020
Yellow fever mosquito (Aedes aegypti) DMRT93B (conserved hypothetic
Fruit fly (Drosophila melanogaster) DMRT11E (doublesex-Mab-relate
DMRT93B (doublesex-Mab-relate
DMRT99B (doublesex-Mab-relate
Fruit fly (Drosophila pseudoobscura) DMRT11E (GA13932-PA)
DMRT93B(GA19095-PA)
DMRT99B(GA13771-PA)understanding of the switching mechanism from an asexual to a
sexual life cycle depending on the environment.
Materials and methods
Daphnia strain and culture conditions
The D. magna strain (NIES clone) was obtained from the National Institute
for Environmental Studies (NIES; Tsukuba, Japan) [13]. The strain originated at
the Environmental Protection Agency (USA) and was maintained for more than
10 years at NIES. Culture mediumwas prepared using charcoal-filtered tap water
maintained at room temperature overnight prior to use. Cultures of 20 individuals
per liter were incubated at 24±1°C under a 14-h light/10-h dark photoperiod. A
0.01-ml suspension of 4.3×108 cells ml−1 Chlorella was added daily to each
culture. The water hardness was between 72 and 83 mg L−1, the pH between 7.0
and 7.5, and the dissolved oxygen concentration between 80 and 99%.
To obtain males, Fenoxycarb was added to the culture medium as described
previously [13] and the produced males were maintained for 2 weeks till the
preparation of testes.definition in NCBI) Accession No.
lated transcription factor 1b) AAR89619
lated transcription factor 2 isoform 1) NP_006548
lated transcription factor 3) NP_067063
NP_071443
blesex and mab-3-related transcription factor-like family A2) XP_946699
lated transcription factor 1) Q3LH63
AAV66322
lated transcription factor 5) ABC55871
BAB92012
AAL02163
BAB63259
lated transcription factor 5) BAD00703
lated transcription factor 1) NP_001033038
lated transcription factor 2) NP_001033035
lated transcription factor 3) NP_001033034
lated transcription factor 4) NP_001033037
lated transcription factor 5) NP_001033039
lated transcription factor 3) AAU89440
G5737-PA) XP_392966
G5737-PA) XP_971604
G15504-PA) XP_975675
774) XP_321748
063) XP_310668
al protein) EAT43900
d 11E CG15749-PA) NP_511146
d 93B CG5737-PA) NP_524428
d 99B CG15504-PA) NP_524549
XP_001355530
XP_001360059
XP_001357766
Table 3
Primer sequences for quantitative real-time PCR
First primer Nested primer
DMRT11E (5′ RACE) CGCTCGACGACCAACAAGCAATTC CGACGACCAACAAGCAATTCGTACACTG
DMRT11E (3′ RACE) CGTCGTCTCTTGTCTCAAAGGCCACA AAGGCCACAAGAAACTCTGCCGATGG
DMRT93B (5′ RACE) GCAAAGGCAATCCTTGAAGCGACA GCGACAATGACGTTTGTGGCCTTTG
DMRT93B (3′ RACE) TTCTTGGCTCAAAGGCCACAAACGTC GGCTCAAAGGCCACAAACGTCATTG
DMRT99B (5′ RACE) ATAACGCGCTGCCTTTCGGCTATGA TTCTTGGCTCAAAGGCCACAAACGTC
DMRT99B (3′ RACE) AACGCTACTGTCGCTGGCGTGATTG TTCTTGGCTCAAAGGCCACAAACGTC
100 Y. Kato et al. / Genomics 91 (2008) 94–101Cloning of DM-domain genes
The harvested daphnids were briefly washed and treated with TRIzol reagent
according to the manufacturer's protocol (Invitrogen, Carlsbad, CA, USA) to
extract total RNA. Homogenization was performed using the PhyscotronNS-310E
(Nichion, Tokyo, Japan). Purified total RNA was converted to cDNA with
Superscript III (Invitrogen) in the presence of oligo(dT) as a primer according to the
manufacturer's protocol.
DNA fragments containing a part of the DM domain were obtained from
cDNA by PCR using degenerate primers that were designed based on the
conserved amino acid sequences of the DM domain (5′-AAGTGCGCNMGVT-
GYMGVAAYCA-3′ and 5′-ACCTGVGCVGCCATNACNCKYTG-3′). The
PCR cycling conditions were 35 cycles, each with 30 s at 94°C, 40 s at 63°C,
and 1 min at 72°C in a 20-μl reaction mixture containing 10 mM Tris–HCl, pH
8.3, 1.5 mM MgCl2, 50 mM KCl, 200 μM dNTPs, 0.2 μM each primer, 1 U
AmpliTaq DNA polymerase (Applied Biosystems, Foster City, CA, USA).
Amplified DNA fragments were cloned into pGEM-T Easy (Promega Corp.,
Madison, WI, USA) and sequenced.
Based on the nucleotide sequences of the cloned DM domains, oligonucleo-
tides were synthesized (Table 1) and PCR-mediated 5′ RACE was performed
(Cap Fishing, SeeGene, Seoul, South Korea) to obtain full-length cDNAs. These
products were purified by agarose gel electrophoresis and cloned into pGEM-T
easy and the sequence reaction was performed using the BigDye Terminator
Cycle Sequencing Kit (Applied Biosystems) with a universal primer and an ABI
3100 genetic analyzer. DNA sequences were analyzed using the BLAST [14]
program. The presence of full-length mRNAs was confirmed by PCR with
oligonucleotides containing the predicted 5′ end and 3′ end.
Phylogenetic analysis of the DM domain
A multiple alignment was constructed in Clustal W [15] with the following
settings (pairwise alignment parameters, gap opening penalty 5.00, gap
extension penalty 0.1, Gonnet protein weight matrix; multiple alignment
parameters, gap opening penalty 5.00, gap extension penalty 0.2, delay
divergent cutoff 30%, gap separation distance 4). Phylogenetic reconstruction
was performed using the p-distance algorithm and the neighbor-joining method
implemented in Mega 3.1 [16]. A condensed tree is presented in which the
length of the horizontal lines is not proportional to the genetic distances. The
percentage bootstrap values corresponding to 1000 replications are indicated
with a cutoff value of 50%. The analyzed genes are listed in Table 2 with their
accession numbers. Coding sequences were translated into amino acid
sequences and analyzed.
Quantitative PCR
Daphnids were washed briefly and soaked in RNAlater (Applied Bio-
systems) for 10min and the ovary or testis was isolated under a microscope. Total
RNA was purified and cDNA synthesized as described above except that a
random oligonucleotide was used as the primer. PCR was performed in an ABI
Prism 7000 (Applied Biosystems) using the SYBR-Green PCR core reagents kit
(Applied Biosystems), in the presence of appropriate primers. PCR amplifica-
tions were performed in triplicate using the following conditions: 2 min at 50°C
and 10 min at 95°C, followed by a total of 40 two-temperature cycles (15 s at
95°C and 1 min at 60°C).Gel electrophoresis and melting curve analyses were performed to confirm
correct amplicon size and the absence of nonspecific fragments. The primers
were chosen to amplify short PCR products of b150 bp; the primer sequences are
listed in Table 3. The expression levels were normalized to those of ribosomal L8
mRNA.
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